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Abstract
This work aimed to determine the mechanical properties of rough and dehulled rice grains, for
dierent moisture contents, by obtaining their rupture force, deformation, maximum compression force
and proportional deformity modulus under a compression test. Rice grains, with moisture content
varying from 0.12 to 0.30 (d.b.), were subject to an uniaxial compression in order to analyze these
properties. On reducting moisture content the rupture force increased from 37.2 to 70.6 N for dehulled
rice and 48.0 to 79.5 N for rough rice. The average compression force varied from 131 to 171 N for
dehulled rice and 203 to 283 N for rough rice. The value range of proportional deformity modulus was
from 5.5 x 109 to 7.4 x 10
9 Pa for dehulled rice and 9.5 x 10
9 to 12.3 x 10
9 Pa for rough rice. Rough
rice presented more resistance to compression compared to dehulled rice.
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1 Introduction
Determination of the mechanical properties of
agricultural products is necessary for the design
of equipment and to achieve maximum eciency
without compromising the nal quality of the
product (Corr^ ea, da Silva, Jaren, Afonso Junior,
& Arana, 2007). Grain cracking and breakage
occur when subject to forces which exceed the
material's mechanical strength (Liu, Haghighi,
Stroshine, & Ting, 1990).
During harvesting, handling, transportation and
storage operations grains are submitted to a
series of static pressures, of dierent magnitude,
and dynamic pressures. Impacts may occur
causing bruising, crushing and cracking due
to high velocity. These impacts increase grain
susceptibility to deterioration during storage
(Goneli, Correa, Resende, & Reis Neto, 2007;
Bargale, Irudayaraj, & Marquis, 1995). Accord-
ing to Guha and Ali (2006), temperature control
features, such as gelatinization (as well as mois-
ture content), molecular degradation and/or
reassociation during processing also govern the
nal textural and functional properties of the
product.
Rice grains are subject to major quality loss
during common processing. The most critical
and delicate operation is dehulling where the
hulls are extracted from the rough rice (Corr^ ea
et al., 2007). The mechanical forces applied to
the rough rice during the dehulling operation
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break the grains. The extent and type of
damage depends on the variety and physical
characteristics of both rough and dehulled rice,
as well as the applied force which is one of the
most important factors for cracking rice.
Knowledge of fracture characteristics of both
grains under compressive loading becomes
imperative for the design of an ecient dehulling
system as well as the optimization of process
and product parameters (Gupta & Das, 2000).
Kunze and Choudhury (1972) conducted storage
tests with rice under dierent relative humidity,
concluding that higher values of moisture con-
tent lead to lower ssuring of rice. Dong, Lu,
Liu, Koide, and Cao (2010) analyzed the eects
of drying and tempering on rice ssuring. These
authors stated that the percentage of ssured
kernels increased with increasing drying time
and decreasing tempering time. Even though
information on rice fracture characteristics is
available, further knowledge about the rough
rice and dehulled rice is required due to dierent
cultivars and environmental conditions.
Within several mechanical properties, the defor-
mity modulus permits comparison to be made
between the relative resistances within dierent
materials. When determining the deformity
modulus of a product, it is necessary to separate
the total deformation into two components: elas-
tic and plastic. Afterwards, with force curves
as a function of the deformation during the
application of a load on the product, assuming
the total deformation, the deformity modulus
can be obtained. Couto, Batista, and Devilla
(2002), studying the mechanical behavior of
coee berries, concluded that the deformity
modulus is considered more signicant than
the elasticity when a product is compressed;
thus, the total deformation has more practical
application.
The deformity modulus is a function of the
Poisson's ratio and it is assumed to be a con-
stant value for each material. As it is unknown
for rice, another variable proportional to the
deformity modulus, called the proportional
deformity modulus, can be used (Batista, Couto,
Cecon, & Peixoto, 2003).
Several factors aect the mechanical properties
of the agricultural products, with drying tem-
perature, product moisture content, the type of
force and where the force is applied as the most
important and frequently studied parameters
(Mohsenin, 1986; Prussia & Campbell, 1985; Li,
Zhang, Puri, & Manbeck, 1989; Zhang, Li, Puri,
& Manbeck, 1989).
On determining the proportional deformity
modulus of coee fruits at dierent ripening
stages (green, greenish and cherry) and dierent
moisture content, Couto et al. (2002) concluded
that the proportional deformity modulus de-
creases as the fruit deformation increases.
Several researchers state that the drying air
temperature is the most inuential factor af-
fecting the mechanical properties of agricultural
grains (Gustafson & Hall, 1972; White, Ross, &
Poneleit, 1982).
Batista et al. (2003) observed that the pro-
portional deformity modulus of coee fruits,
in the moisture content range of 0.14 to 1.50
(d.b.), at three ripening stages, under dierent
drying temperatures (40, 50 and 60￿C) decreases
with product deformation. The proportional
deformity modulus values varied between 2.0 x
107 to 18.0 x 107 Pa for the cherry coee fruits,
5.0 x 107 to 40.0 x 107 Pa for green coee fruits
and 1.0 x 107 to 50 x 107 Pa for greenish coee
fruits.
Liu et al. (1990) veried through a compression
test, the signicant eects of moisture content
and drying air temperature on the mechanical
behavior of soybeans. Reducing the drying air
temperature increases the rupture force, whilst
increasing the moisture content decreases the
rupture force.
Gupta and Das (2000), whilst evaluating the
mechanical behavior of sunower seeds, ob-
served that increasing the moisture content of
the product from 3.8 to 16.6 % w.b. reduces the
rupture force and increases its deformation.
Henry, Su, and Zhang (2000), whilst studying
the resistance of soybeans to compression,
on three dierent orientations, observed that
the rupture force, normal to the cotyledons'
divisions, was higher than the other orientations
and presented lowest deformation. Also, the
resistance to compression decreases as moisture
content increases.
Oliveros-Tasc on, Montoya-Restrepo, and Ayala
(2002) evaluated the inuence of coee berry
borer attack on the rmness of cherry coee fruit
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and parchment coee (dried and wet) which were
subjected to a compression test. For the cherry
coee fruits, no signicant dierence between
the normal and coee borer fruit rmness was
observed, but for the parchment coee the grain
rmness was statistically superior to grains with
borer. This is evidence of the inuence of the
insect attack on the mechanical properties of the
coee fruits.
The objectives of this work were to determine
and compare the mechanical properties of rough
and dehulled rice (cv. Urucuia) at dierent
moisture content in order to obtain the rup-
ture force, deformation on rupture, maximum
compression force and proportional deformity
modulus of the product when subjected to a
compression test, at the natural rest position,
for a xed deformation of 0.001 m.
2 Materials and Methods
Rough rice grains (cv. Urucuia), thin and long
type, were harvested with a moisture content of
approximately 0.30 (d.b.). This cultivar was cho-
sen due to its recommendation for Minas Gerais
state, Brazil and lack of data for local producers.
Dierent levels of moisture content were obtained
by drying grains in the oven, with forced air cir-
culation, at a temperature of 40 ￿C and relative
humidity of 25 %. The moisture content reduc-
tion along the drying process was observed by
a gravimetric method (mass loss) using a semi-
analytical scale with 0.01 g of precision. The
product was dried until a nal moisture content
of 0.12 (d.b.) was achieved.
The moisture content was determined using the
oven method at 105  1￿C until constant mass
in three consecutive measurements. For every
moisture content level, samples were homoge-
nized and divided into two portions: the rst
one as rough rice, and the second one as dehulled
rice, taking out the hulls manually. Afterwards
the product was used to determine the mechan-
ical properties at a controlled temperature of 22
 2 ￿C.
The grain compression tests were performed for
each grain individually in the universal testing
machine, model TA.HD Texture Analyser, using
a load cell of 500 N.
Figure 1: Rice grain orientation during the com-
pression test at its natural rest position.
Tests were performed prior to the research in or-
der to ascertain the velocity and deformation pa-
rameters. The grains, at their natural rest posi-
tion (Figure 1), were subjected to uniaxial com-
pression, between two rigid parallel plates, by ap-
plying the force at a velocity of 0.001 m s 1, with
eleven repetitions for rough and dehulled rice.
The compression test was stopped when the de-
formation achieved 0.001 m.
Using the curves of force versus rice grain defor-
mation obtained after the tests, the force and the
deformation values in rupture were used to deter-
mine the bioyield point. This point is dened as
the position on the curve where increasing de-
formation is associated with decreasing compres-
sion force (ASAE. 1974), indicating that rupture
has started and structure disorganization of the
product is occuring.
The proportional deformity modulus of rice
was determined for a deformation of 0.001 m,
adapted from deformations used by Batista et al.
(2003) in accordance to the following expression:
Ep =
E
(1   2)
=
0:531F
D3=2
"
2

1
r
+
1
R
1=3#3=2
(1)
in which,
Ep = Proportional deformity modulus, Pa;
E = Deformity modulus, Pa;
F = Force, N;
D = Total deformation (elastic and plastic) of
the body on the upper and downer plate contact
points, m;
 = Poisson's ratio, dimensionless;
R, r = Radius of Curvature of the contact point,
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m.
The radius of curvature (r and R) values of
the grain were obtained at the contact points,
for each moisture content, by adjusting the
curvatures of the grain body to the circum-
ferences according to coordinate planes of the
compression position, as illustrated in Figure
2. The radius of curvature values \r" and \R"
are the radius of the grain and the radius of a
circumscript circle that contains the grain.
Figure 2: Radius of curvature of the rice grain
in the contact region between the product and
compression plate during the compression test.
The rupture force, deformation in rupture,
maximum compression force and proportional
deformity modulus data were analyzed as a
function of moisture content and the two types
of processing (rough and dehulled).
The experiment was performed according to a
statistical factorial scheme 7 by 2, with seven
levels of moisture content and two types of
processing, on an entirely randomized design
with eleven replicates for each type of rice and
moisture content.
For qualitative factors, the means were compared
by applying the Tukey's test, at probability level
of 5 %. The quantitative factors were subjected
to regression analysis in order to establish the
equations representing the interactions between
the analyzed variables. The choice of models
was based on the signicance of the regression
coecients by the Student t-test, adopting the
probability level of 5 % and the determination
coecient (r2).
3 Results and Discussion
The average radius of curvature values of rough
and dehulled rice grains, at dierent moisture
contents, which were used to determine the pro-
portional deformity modulus are shown in Table
1.
Table 1: Average radius of curvature values for
rough and dehulled rice grains (x 10 3 m) at dif-
ferent moisture contents during the drying pro-
cess.
Moisture
Position
content (d.b.)
Rough rice Dehulled rice
r R r R
0.127 1.48 9.42 1.40 8.55
0.155 1.46 9.45 1.38 8.53
0.176 1.46 9.41 1.37 8.56
0.190 1.49 9.38 1.38 8.49
0.220 1.49 9.43 1.41 8.54
0.258 1.39 9.40 1.35 8.50
0.296 1.36 9.38 1.32 8.52
As observed in Table 1 the radius of curvature
values varied with moisture content, although
with no clear trend as a function of this vari-
able. The radius of curvature values were higher
for rough rice than dehulled rice.
The analysis of variance results, for dierent ex-
perimental tests, on the rupture force, deforma-
tion in rupture, maximum compression force and
the proportional deformity modulus of rough and
dehulled rice are shown in Table 3. Process-
ing type and moisture content independently had
a signicant eect on the rupture force, defor-
mation in rupture, maximum compression force
and proportional deformity modulus of the rice
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Table 2: Analysis of variance on rupture force (Fr), deformation in rupture ("), maximum compression
force (fm) and proportional deformity modulus (Ep) for rough and dehulled rice as a function of moisture
content
Source of Variation D.F.
Mean square
Fr (N) " (x 10 3 m) Fm (N) Ep (x 1018 Pa)
Processing (B) 1 7105.31** 0.3233** 236647.26** 504.98**
Moisture content (U) 6 3285.66** 0.0032* 7240.89* 13.82*
B x U 6 85.53ns 0.0014ns 2550.25ns 4.75ns
Residue 140
Total 153
*Signicant at 5% probability by F test;
**Signicant at 1% probability by F test;
nsNon signicant.
grains.
The mean rupture forces of rough and dehulled
rice as a function of moisture content (d.b.) are
shown in Figure 3. The rupture forces were found
to be signicantly higher for rough rice than de-
hulled rice, for most of the moisture contents,
according to the Tukey's test at 5 % probability.
Reducing the moisture content from 0.30 to 0.12
(d.b.) resulted in the force necessary to achieve
the bioyield point increasing from 48.0 to 79.5
N for rough rice and 37.2 to 70.6 N for dehulled
rice.
Figure 3: Mean rupture force (N) values of rough
and milled rice as a function of moisture content
(d.b.). Mean values followed by the same letter
for the same moisture content do not dier ac-
cording to the Tukey's test at 5% probability.
The force necessary to rupture the rice grain in-
creased with moisture content reduction, which
agrees with the results obtained by dierent
researchers working with dierent agricultural
products (Laskowski & Lysiak, 1999; Vursavus
& Ozguven, 2004; Altuntas & Yildiz, 2007). The
rupture force for rice grains is extremely depen-
dent on its moisture content within the range of
this experiment (0.30 to 0.12 d.b.). The rup-
ture force variation as a function of its moisture
content for rough and dehulled rice can be rep-
resented adequately according to the following
expressions:
^ Frr = 106:7   206:7,X r2 = 0:91 (2)
^ Fmr = 90:2   192:2,X r2 = 0:90 (3)
in which:
Frr = Rupture force of rough rice, (N);
Fmr = Rupture force of dehulled rice, (N);
X = Moisture content, (d.b.).
**Signicant at 1% probability, through the t
test.
The rupture force increased by approximately 2.1
N for rough rice and 1.9 N for dehulled rice as the
moisture content was reduced to 0.01 (d.b.). A
simple linear equation represents adequately the
experimental data.
The mean deformation in rupture values of rough
and dehulled rice for dierent moisture contents
are shown in Figure 4. The deformation in rup-
ture was signicantly superior in the rough rice
for all moisture contents. This is expected as the
presence of hulls in rough rice provides higher
IJFS MONTH 2013 Volume 2 pages 158{166Mechanical properties of processed rice 163
Figure 4: Mean deformation values (x 10 3 m)
in rupture of rough and milled rice at dierent
moisture contents. Mean values followed by the
same letter for the same moisture content do not
dier according to the Tukey's test at 5% prob-
ability.
mechanical resistance, and thus requires higher
deformation to rupture the grains. For the mois-
ture content range of 0.30 to 0.12 (d.b.) during
the compression test, the deformation in rupture
varied from 0.21 to 0.26 x 10 3 m for rough rice
and 0.12 to 0.15 x 10 3 m for dehulled rice. The
variation of the deformation in rupture as a func-
tion of moisture content for dehulled rice can be
described adequately according to the following
expression:
^ " = 0:34 2:12X+4:95X2 r2 = 0:92 (4)
in which:
" = Deformation in rupture, (x 10 3 m);
Signicant at 1% probability, through the t
test.
Similar behavior was observed by Vursavus and
Ozguven (2004) during the compression test of
apricot pit and by Altuntas and Yildiz (2007)
studying the mechanical properties of faba bean.
No equation was found to describe adequately
the deformation in rupture when the moisture
content of rough rice was reduced.
The mean maximum compression force values of
rough and dehulled rice grains as a function of
moisture content (d.b.) at a deformation of 0.001
m are shown in Figure 5. The compression force
necessary for deforming the rough rice was signif-
icantly higher than for dehulled rice, at all ana-
lyzed moisture contents, according to the Tukey's
test at 5 % probability. The rice hull presents a
rigid structure protecting the endosperm of the
grain thus requiring more force to deform the
grain. The mean compression force required to
deform 0.001 m of the product, at dierent mois-
ture contents, varied from 131 to 171 N for de-
hulled rice and 203 to 283 N for rough rice. When
moisture content was decreased, the compression
force values varied randomly, independent of pro-
cessing type. This contradicts results obtained
by several researchers who reported the maxi-
mum compression force to increase in propor-
tion to a decrease in moisture content (Henry et
al., 2000; Ribeiro, Corr^ ea, Goneli, & Rodrigues,
2005; Gupta & Das, 2000).
Figure 5: Rough and milled rice maximum com-
pression force (N) mean values as a function of
moisture content (d.b.) for a 0.001 m deforma-
tion. Mean values followed by the same letter for
the same moisture content did not dier accord-
ing to the Tukey's test at 5% probability.
The proportional deformity modulus, which was
derived from the compression force data, showed
the same behavior as the compression force, as a
function of moisture content.
The mean proportional deformity modulus val-
ues of rough and dehulled rice, as a function of
moisture content (d.b.), at a xed deformation
of 0.001 m are shown in Figure 6. The high
value of deformity modulus means that a higher
force should be applied in order to obtain a spe-
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cic deformation (Batista et al., 2003). The pro-
portional deformity modulus values of rough rice
were signicantly higher than for dehulled rice
according to the Tukey's test at 5 % probabil-
ity for all moisture contents. In the range of
moisture content used in this work it was ob-
served that the magnitude of proportional de-
formity modulus of rough and dehulled rice fre-
quently oscillated, indicating no clear tendency
as a function of moisture content.
Figure 6: Mean values of the proportional defor-
mity modulus (Ep x 109 Pa) for rough and milled
rice as a function of moisture content (d.b.) for
a 0.001 m deformation. Mean values followed
by the same letter for the same moisture content
did not dier according to the Tukey's test at 5%
probability.
The proportional deformity modulus values var-
ied from 5.5 x 109 to 7.4 x 109 Pa for dehulled
rice and from 9.5 to 12.3 x 109 Pa for rough
rice. These values are slightly superior to those
observed by Ribeiro et al. (2005) who obtained
proportional deformity modulus values between
2.31 x 108 and 1.1 x 108 Pa for compression at
the natural rest position, for a moisture content
range of 0.58 to 0.10 (d.b.) and deformation of
0.002 m, using soybeans. Also, Resende (2006)
described values between 6.7 x 107 and 3.4 x 108
Pa, for proportional deformity modulus of edible
bean grains compressed at their natural rest po-
sition, for a moisture content between 0.42 and
0.13 (d.b.) and a xed deformation of 0.0012
m. Couto et al. (2002) reported that the propor-
tional deformity modulus of coee with moisture
content of approximately 2.5 (d.b.), compression
velocity of 1.7 x 10 4m s 1 and in the deforma-
tion range of 1 to 6 x 10 1 m presented values
of 1.0 x 107 to 3.0 x 107 Pa for coee cherry
fruit and 7.0 x 107 to 1.5 x108 Pa for green coee
fruit. Batista et al. (2003) subsequently reported
proportional deformity modulus values of coee
fruits, in the moisture content range of 1.50 to
0.14 (d.b.), for the three ripening stages, subject
to drying air temperatures of 50, 55 and 60 ￿C,
between 2.0 x 107 and 1.8 x 108 Pa for coee
cherry fruits, 5.0 x 107 to 4.0 x 108 Pa for green
fruits and 1.0 x 107 x 109 to 5.0 x 108 Pa for
greenish fruits.
4 Conclusions
A reduction in moisture content increased the
mean rupture forces from 37.2 to 70.6 N for de-
hulled rice and from 48.0 to 79.5 N for rough rice.
The mean compression force required to deform
the product by 0.001 m, in the studied 0.12 to
0.30 (d.b) moisture content range, varied from
131 to 171 N for dehulled rice and 203 to 283 N
for rough rice. The mean proportional deformity
modulus values varied from 5.5 x 109 to 7.4 x 109
Pa for dehulled rice and 9.5 x 109 to 12.3 x 109 Pa
for rough rice during the compression test at the
natural rest position for a deformation of 0.001 m
and moisture content ranging from 0.30 to 0.12
(d.b.). Rough rice presented higher resistance to
compression than dehulled rice.
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